An on-line Ag/Al galvanic cell was studied and employed to generate electrochemiluminescence (ECL) of calcein blue. The potential of the galvanic cell could be adjusted by varying the components of flow reagent or by using different metals to substitute for Ag or Al. The reported cell exhibited perfect capability of supplying a stable potential for ECL generation. Because the weak ECL of calcein blue could be greatly sensitized in the presence of calcium in alkaline solution, calcium contents in milk and vegetable samples were assayed; the results were validated with ICP-AES method. The method gave linear results in 1.0 × 10 -4 mol L -1 to 8.0 × 10 -6 mol L -1 calcium concentration range and the 3σ limit of detection was to be 2.0 × 10 -6 mol L -1 . Experiment results imply that this model of ECL detection could be applied for instrument miniaturization with easy fabrication.
The phenomenon of luminescence upon electrolysis can be dated back as far as 1927 for the ECL of Grignard compounds at applied potentials. 1,2 ECL proved to be an important and valuable method for analytical applications that attracted increasing interest over the past two decades, as can be seen from the growing number of reviews in this period. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] When one reviews the analytical usefulness of ECL, one sees the following features of ECL: firstly, owing to a low background in the absence of an excitation light source, and the optimization of material, size and position of the electrodes, and the variations of applied potential, high sensitivity and selectivity could be achieved; secondly, the in situ activation of compounds could be used to generate reactive co-reactants and this process allowed the detection of a wider range of analytes; thirdly, compared with CL, the addition of reagents in separate stream could be eliminated, which also resulted in the improvement of sample dilution and reduction of instrumentation cost. Because of the high sensitivity and selectivity, ECL was also thought to be a suitable method for the detection on microchips. 14 Up to now, all of the reference techniques for ECL generation were carried out by employing an external potential supplier. The size and expense of the potential supplier normally used in research work will limit the detection instrumentation miniaturization and will hamper further application of ECL detection on a chip. A commercially available button-sized cell might be the easiest choice to meet the needs for potential supplier miniaturization. But in fact, some practical problems one would face include the potential decline of cell when applied to ECL generation; the management of potential variation for the best selection; the storage life-time of the cell; the possible pollution brought about by exhausted cells. Meanwhile, further miniaturization of cell to suit the size of a microchip, and the cell cost for one time or one sample used microchip should also be considered.
In this research, an on-line galvanic cell was applied to the ECL determination of calcium content in milk and vegetable samples. Pure Ag and Al were found to be able to form a galvanic cell and to supply a stable potential output in a flow of sodium hydroxide solution. The potential variation in the 1300 mV to 560 mV range could be obtained by varying the concentration of sodium hydroxide or by employing different alkaline buffers in the flow. When the potential output of the described cell was 1070 mV while the flow reagent included 0.18 mol L -1 concentration of sodium hydroxide and 2.0 × 10 -5 mol L -1 concentration of calcein blue, a weak ECL of calcein blue 15 could be observed in the vicinity of the platinum anode surface. The presence of calcium could greatly enhance this ECL. Based on the above galvanic cell and on the enhancement of calcium on ECL of calcein blue, a calcium analysis method was set up to validate the thought of ECL determination generated by an on line galvanic cell. This ECL system was applied to assay calcium contents in four milk products and in cabbage; the obtained results were compared with those from ICP-AES method.
Experimental

Reagents
All reagents used were of analytical grade and doubly distilled water was used throughout.
Calcein blue from the Third Chemical Reagent Plant of Shanghai, and sodium hydroxide, sodium phosphate, sodium borate, sodium carbonate and calcium carbonate from the Xian Chemical Company were used in this experiment. Stock solutions of 0.010 mol L -1 calcein blue in 0.01 mol L -1 NaOH solution, 0.5 mol L -1 NaH2PO4, 2.0 mol L -1 NaOH, 0.02 mol L CaCO3, 0.05 mol L -1 Na2B4O7 were prepared.
Apparatus
The manifold of the ECL flow system used in this work is shown in Fig. 1 . A peristaltic pump was used to deliver the sample solution, carrier stream (water) and reagent solution (calcein blue and sodium hydroxide). The injection of sample solution was made using a six-port valve equipped with a 30 µl sample loop. The flow-through electrolytic cell that utilized a two-electrode setup was arranged as shown in Fig. 1 . The flow cell was made of three glass chips (length, 3.5 cm, width, 1.5 cm, high, 0.8 mm); the size of flow cell was 25 × 4 × 0.8 mm. Both the anode and cathode were made of platinum foil (length 1.0 cm, width, 4 mm). The on-line galvanic cell was made of a polythene tube (length, 5.0 cm, i.d., 3 mm). Silver wire (length, 1 cm, i.d., 0.3 mm) and aluminum wire (length, 3 cm, i.d., 1.0 mm) were arranged in the tube as described in Fig. 1 . The fabricated cell was located at the down stream of flow route to eliminate any interference caused from dissolved aluminum. The ECL signal was transformed into an electrical signal by an R456 photo multiplier tube (Hamamatsu) which was operated at -800 V and was placed directly in front of the ECL flow cell. ECL signals were recorded with a BPCL ultra-weak luminescence analyzer (Institute of Chemistry, Chinese Academy of Science) equipped with a BPCLWIN data acquisition and treatment interface running under Windows 98. A PHS-3C pH meter was used as a mV meter to monitor the potential changes throughout experiment.
Samples pretreatment
Ten milliliters of each milk sample and 20 g of fresh cabbage were pretreated by following the reported method. 16 Samples were firstly dried at 70˚C for 2 h to eliminate most of the water in the samples; then the temperature was slowly increased to 550˚C and kept there for 1 h. The obtained sample residues were treated with 1.0 ml of 3.0 mol L -1 HCl for calcium abstraction. After careful filtration and washing, the pH values of the sample solutions were adjusted to near 7.0 with 2.0 mol L -1 NaOH and the samples were diluted with 0.18 mol L -1 NaOH and 1 × 10 -4 mol L -1 citric acid solution to 50 ml, respectively.
Procedures
To achieve good mechanical, thermal and potential stability, the instruments were allowed to run for 10 min before the first measurement was made. The carrier stream and calcein blue stream were fed at a flow rate of 100 µl/min. After each sample solution was injected in the carrier stream, the ECL signal was recorded and the concentration of calcium was quantified by the peak height to enhance ECL emission.
Results and Discussion
Choice of electrode material for the galvanic cell setup
Candidate metals: aluminum, zinc, copper, chromium and cadmium for the anode, and copper, silver, gold, platinum, and graphite for the cathode of the galvanic cell were investigated. Cadmium was ignored due to the possible pollution. Experimental results indicated that aluminum and zinc performed with high potential output and better stability when coupled with platinum, gold or silver. Because it was easy to obtain and fabricate, aluminum was selected as the anode in this work. Further experiments showed that a silver-aluminum cell gave the potential output about 100 mV lower than goldaluminum or platinum-aluminum did, and all three cells performed with good potential output stability. After the expense of the cell fabrication was considered, silver was selected to make the cathode in this work.
Alkaline solution investigation and working potential optimization
Different concentrations of alkaline solutions of NaOH, Na3PO4, and Na2B4O7 were investigated to check their effect on the potential output of the proposed cell. It was found that NaOH gave the highest potential output in the range of 1300 mV -900 mV, while NaH2PO4-Na2HPO4 gave the lowest output of about 560 mV. Because the ECL emission could only be observed when the potential was higher than 800 mV, NaOH solution was thus selected to be the flow electrolyte in this study. Further experiments showed (Fig. 2 ) that when NaOH concentration was 0.18 mol L -1 while the potential was about 1070 mV, the system gave the best ECL response to the presence of calcium.
Potential output stability and life-time of the galvanic cell
Potential output stability and the life-time of the proposed galvanic cell directly affected the analytical characteristics and further analytical applications of this ECL analysis model. When the concentration of NaOH in flow stream was 0.18 mol L -1 , the potential output could be kept at 1070 ± 18 mV in 4 h continuous analysis application, and the life-time of the described galvanic cell was more than 100 h (4 h × 40 days). Such results indicated that the reported galvanic cell could be a suitable potential supplier for ECL analysis.
The design of the flow injection ECL system
Different designs of flow injection manifolds were 884 ANALYTICAL SCIENCES JUNE 2003, VOL. 19 Fig. 1 Manifold of the on-line galvanic cell generated ECL flow system. a, reagent flow of calcein blue and NaOH; b, water; c, sample; P, pump; A, platinum anode; C, platinum cathode; PMT, photomultiplier; BPCL, BPCL ultra-weak luminescence analyzer; V, sixway valve; Ag, silver electrode; Al, aluminum electrode; S, switch. investigated in order to obtain the best ECL signal/noise ratio. Experimental results showed that when calcein blue and sodium hydroxide were premixed and employed as the reagent flow, while water was selected as the carrier stream, the system performed at the best signal/noise ratio with a stable baseline whose blank signal was almost zero. Thus, such a flow design was selected, as shown in Fig. 1 , and was used in subsequent experiments.
Effect of the reagent flow rate on ECL
The flow rates of the reagent and carrier solution were also key factors that greatly affected the ECL. To obtain the strongest ECL signal, a standard calcium solution of 3.0 × 10 -5 mol L -1 concentration was used to optimize the reagent flow rate by varying the flow rate from 0.33 ml/min to 20 µl/min sequentially. Experimental results showed (Fig. 3) that the strongest ECL signal could be obtained when the flow rates of reagent and carrier stream were both 100 µl/min.
Calcein blue concentration optimization
Initial tests indicated that the concentration of calcein blue greatly affected the detection limit of the proposed analytical method. Higher calcein blue concentration brought about a higher baseline, which was deleterious for determining low concentration calcium samples. Experimental results showed (Fig. 4) that, when calcein blue concentration was 2.0 × 10 -5 mol L -1 , the analytical system performed the best ECL response to calcium over the 8.0 × 10 -6 mol L -1 to 2.0 × 10 -4 mol L -1 concentration range. Thus, this calcein blue concentration was selected in further study.
Analytical performance for calcium
Under the selected conditions given above, the ECL response to calcium was linear in the range of 8.0 × 10 -6 mol L -1 to 1.0 × 10 -4 mol L -1 (showed in Fig. 5) , with a 2.0 × 10 -6 mol L -1 detection limit (3σ). The correlation coefficient was 0.9995 (n = 6). The relative standard deviation was 3.2% for the determination of 5.0 × 10 -5 mol L -1 calcium standard (n = 9). One-time determination of calcium could be performed in 5 min including sampling and washing, giving a throughput of ca. 20 h -1 .
Interference study
The effect of foreign substances was tested by analyzing a standard solution of calcium (2.0 × 10 -5 mol L -1 ) to which increasing amounts of interfering substances were added. The tolerable concentration ratios less than 5% signal changes are listed in Table 1 . The effects of added interference substances on output potential of presented galvanic cell are listed in Table  1 . 
Analytical application
The contents of calcium in four milk products and in fresh cabbage bought from a local supermarket were determined by the proposed ECL method. And these analysis results were compared with those from the ICP-AES method.
All experimental results are listed in Table 2 ; one can see that the proposed method and the ICP-AES method gave very similar results.
Recovery test of proposed ECL method was investigated by adding standard calcium in those milk samples whose calcium concentration had been previously assayed with ICP-AES method. Then, the total calcium amounts were determined by the proposed method. The recovery results (listed in Table 3 ) were obtained by comparing the remainders of total calcium amounts minus the previously known calcium amounts. 
